Background-Patients on maintenance dialysis treatment experience an excess mortality, predominantly of sudden cardiac death. Poor glycemic control is associated with cardiovascular comorbidities in the general population. This study investigated the impact of glycemic control on cardiac and vascular outcomes in diabetic hemodialysis patients. Methods and Results-Glycohemoglobin A1c (HbA 1c ) was measured in 1255 hemodialysis patients with type 2 diabetes mellitus who participated in the German Diabetes and Dialysis Study (4D Study) and were followed up for a median of 4 years. Using Cox regression analyses, we determined hazard ratios to reach prespecified, adjudicated end points according to HbA 1c levels at baseline: sudden cardiac death (nϭ160), myocardial infarction (nϭ200), stroke (nϭ103), cardiovascular events (nϭ469), death caused by heart failure (nϭ41), and all-cause mortality (nϭ617). Patients had a mean age of 66Ϯ8 years (54% male) and mean HbA 1c of 6.7Ϯ1.3%. Patients with an HbA 1c Ͼ8% had a Ͼ2-fold higher risk of sudden death compared with those with an HbA 1c Յ6% (hazard ratio, 2.14; 95% confidence interval, 1.33 to 3.44), persisting in multivariate models. With each 1% increase in HbA 1c , the risk of sudden death rose significantly by 18%; similarly, cardiovascular events and mortality increased by 8%. There was a trend for higher risks of stroke and deaths resulting from heart failure, whereas myocardial infarction was not affected. The increased risks of both cardiovascular events and mortality were explained mainly by the impact of HbA 1c on sudden death. Conclusions-Poor glycemic control was strongly associated with sudden cardiac death in diabetic hemodialysis patients, which accounted for increased cardiovascular events and mortality. In contrast, myocardial infarction was not affected. Whether interventions achieving tight glycemic control decrease sudden death requires further evaluation. Clinical Trial Registration-URL: http://www.clinicalstudyresults.org. Unique identifier: CT-981-423-239.
T he rate of death of dialysis patients is abysmal. The European Renal Association-European Dialysis and Transplant Association (ERA-EDTA) registry reports an 18% first-year mortality rate, 1 whereas the US Renal Data System reports an even higher annual mortality rate of Ͼ20%. 2 At 41%, cardiac disease is the leading cause of death among dialysis patients. 2 The major event is sudden cardiac death, which as a single cause accounts for 26% to 27% of all deaths in dialysis patients. 2, 3 It is important to identify risk factors for sudden cardiac death in relation to other cardiac and vascular events to develop interventional strategies and to reduce the excess mortality of these patients.
Clinical Perspective on p 2428
Diabetes mellitus is a growing health problem and a risk factor for the development and progression of chronic kidney disease. Almost one half of the US dialysis patients developed end-stage renal disease as a result of type 2 diabetes mellitus (T2DM). 2 These patients have a higher comorbidity and poorer outcome compared with nondiabetic patients on dialysis, 2 as reflected by a 5-year survival of only 35%. 4 Poor glycemic control is associated with the development of comorbidities such as coronary artery disease and myocardial infarction (MI) in the general population. 5, 6 It has been shown that these are predisposing conditions for sudden cardiac death. 7 Furthermore, glycemia is known to influence the electrolyte balance, the function of potassium and calcium channels, and sympathetic activity, all relevant in the arrhythmogenesis of patients with kidney failure. 8 -10 We therefore hypothesized that glycemic state is a risk factor for sudden cardiac death in dialysis patients.
To that end, we investigated the association of hemoglobin A1c (HbA 1c ) with the risk of sudden cardiac death, MI, stroke, combined cardiovascular events (CVE), death resulting from heart failure, and all-cause mortality in hemodialysis patients. We analyzed data from the German Diabetes Dialysis Study (Die Deutsche Diabetes Dialyse Studie [4D Study]), which evaluated atorvastatin in 1255 patients with T2DM on maintenance hemodialysis. 3 
Methods

Study Design and Participants
The 4D study methodology has previously been reported in detail. 11 Briefly, the 4D study was a prospective randomized controlled trial including 1255 patients with T2DM who were 18 to 80 years of age and had been on hemodialysis for Ͻ2 years. Between March 1998 and October 2002, patients were recruited in 178 dialysis centers in Germany. After a period of 4 weeks, patients were randomly assigned to double-blind treatment with either 20 mg atorvastatin (nϭ619) or placebo (nϭ636) once daily. Study visits took place 3 times before randomization (visits 1 through 3), at randomization (visit 4), at 4 weeks (visit 5), and at every 6 months (visit 6, etc) after randomization until the date of death, censoring, or end of the study in March 2004. The primary end point of the 4D Study was defined as a composite of death resulting from cardiac causes, fatal or nonfatal stroke, and nonfatal MI, whichever occurred first (composite cardiovascular end point was CVE). Death resulting from cardiac causes comprised sudden death, fatal MI, death caused by congestive heart failure, death resulting from coronary heart disease during or within 28 days after an intervention, and all other deaths ascribed to coronary heart disease. Sudden death was considered death as verified by terminal rhythm disorders in an ECG, witness-observed death within 1 hour after the onset of cardiac symptoms, death confirmed by autopsy, and unexpected death presumably or possibly of cardiac origin and in the absence of a potassium level Ն7.5 mmol/L before the start of the 3 most recent sessions of hemodialysis. MI was diagnosed when 2 of the following 3 criteria were met: typical symptoms, elevated levels of cardiac enzymes (ie, a level of creatine kinase-MB Ͼ5% of the total level of creatine kinase, a level of lactic dehydrogenase 1.5 times the upper limit of normal, or a level of troponin T Ͼ2 ng/mL), or diagnostic changes on the ECG. When death occurred within 28 days after an MI as diagnosed above, it was specified as death caused by MI. The classifications were made exclusively with fatal MI being classified only as MI death, not sudden cardiac death. 4D Study end points were centrally adjudicated by 3 members of the end point committee blinded to study treatment and according to predefined criteria.
For the present analysis, sudden cardiac death, MI (fatal and nonfatal), stroke (fatal and nonfatal), the primary end point (CVE), death resulting from congestive heart failure, and all-cause mortality were all chosen to be separate outcome measures and were based on the primary judgment of the end point committee during the 4D Study. The study was approved by the medical ethics committee, and all patients gave their written informed consent before inclusion.
Data Collection
Information on age, sex, and smoking status was obtained through patient interviews. Smoking status was classified as never, former, or current. Comorbidities, including the presence of coronary artery disease and congestive heart failure, as well as the duration of diabetes mellitus and dialysis treatment were reported by the patients' nephrologists. Coronary artery disease was defined by history of MI, coronary artery bypass grafting surgery, percutaneous coronary intervention, and the presence of coronary heart disease as documented by coronary angiography. Blood pressure was measured in subjects in the sitting position. Body mass index was calculated as weight (kg) divided by height (m) squared. All laboratory measurements of the 4D Study were performed centrally at the Department of Clinical Chemistry, University of Freiburg, Freiburg, Germany.
HbA 1c was measured in blood samples taken at baseline at study visit 3 (1 week before randomization) with high-performance liquid chromatography. 12 Interassay coefficients of variance were Ͻ5%. All blood samples were taken before the start of dialysis sessions and administration of drugs.
Statistical Analysis
Continuous variables are expressed as mean with SD or median with interquartile range as appropriate. Categorical variables are expressed as percentages.
The study population was divided into 3 groups according to HbA 1c levels at baseline: normal, Յ6%; elevated, Ͼ6% to Յ8%; and high, Ͼ8%. First, we assessed the association of baseline HbA 1c with sudden death as both a continuous and a categorical variable. For the latter, the patients with an HbA 1c Յ6% were used as the reference group. Absolute (incidence) rates were calculated as the number of events occurring per 100 person-years of follow-up. Kaplan-Meier curves were performed in each HbA 1c group, and the log-rank test was computed to compare curves. By Cox regression analyses, hazard ratios (HRs) and corresponding 95% confidence intervals (CIs) were calculated. The Cox regression analyses were adjusted for the confounders age; sex; atorvastatin treatment; systolic blood pressure; duration of T2DM; time on dialysis; smoking status; body mass index; levels of low-density lipoprotein cholesterol, triglycerides, albumin, hemoglobin, calcium, phosphate, and C-reactive protein; and the presence of coronary artery disease and congestive heart failure (main model). Second, we performed additional Cox regression analyses including potassium and ECG variables, which may represent intermediate conditions lying in the causal pathway of the effect of glycemic control on sudden death. The variables were included 1 at a time to see the magnitude by which the effect estimate for the risk of HbA 1c on sudden death changed. Furthermore, in an analysis aiming to assess the impact of all intermediate variables together, they were added simultaneously to the main model. Third, we investigated HbA 1c and the risk of other adverse cardiac and vascular outcomes, including MI, stroke, the combined primary end point (CVE), and death resulting from heart failure, to distinguish whether the potential effects of glycemic control are specific for sudden death or generally influence cardiac and vascular outcomes. To see whether a potential impact on the primary end point is explained mainly through the effect of HbA 1c on sudden death, we also assessed the risks of HbA 1c on CVE except for sudden death. Fourth, we similarly determined the association of HbA 1c with all-cause mortality and assessed the risks of HbA 1c on all deaths except sudden death. Finally, to test the robustness of our results, we divided the study population into quartiles of HbA 1c at baseline and repeated our analyses on the effect of glycemic control on all outcomes using this alternative categorization of HbA 1c . We furthermore repeated all analyses in the placebo group only to eliminate any potential influence by atorvastatin treatment. All P values reported are 2 sided. Analyses were performed with SPSS version 16.0 (SPSS Inc, Chicago, Ill).
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written. In the study population (nϭ1255), the mean age was 65.7 years (SD, 8.3 years), and 54% of the patients were male. The mean baseline HbA 1c level was 6.7% (SD, 1.3%), with no significant difference between the atorvastatin and placebo groups. The baseline patient characteristics are shown in Table 1 .
Results
Patient Characteristics
Baseline HbA 1c and Risk of Sudden Death
The absolute rates of sudden cardiac death were high and increased over the categories of HbA 1c : 3.0 per 100 personyears in the group with an HbA 1c Յ6%, 5.0 per 100 patient-years in patients with an HbA 1c between 6% and 8%, and 6.3 per 100 patient-years in patients with an HbA 1c Ͼ8%. The Figure, A, provides Kaplan-Meier curves for the time to sudden cardiac death per HbA 1c category. Cox regression analyses pointed out the 2-fold increased hazards of sudden death in patients with an HbA 1c Ͼ8% compared with those with normal HbA 1c levels Յ6%, which persisted after the adjustment for confounders ( Table 2 ). Evaluating potential intermediate conditions, we considered serum potassium; cardiac arrhythmia as documented by an ECG, left ventricular hypertrophy, and differences in the QRS axis (left-axis type); signs of MI; repolarization disorders; and corrected QT interval ( Table 2 ). Adding any of the intermediate factors to the main model had little influence on the HRs for HbA 1c . The additional adjustment for all intermediates together also did not materially affect the association of HbA 1c with sudden death, suggesting that mechanisms other than the investigated ones largely explain the higher risk of sudden death at higher levels of HbA 1c . When HbA 1c was investigated as a continuous variable, the HR to experience sudden cardiac death increased significantly by 18% per unit (ie, 1%) increase in HbA 1c (HR, 1.18; 95% CI, 1.05 to 1.32; Table 3 ). The association was even stronger after adjustment for confounders, showing a 21% greater hazard of sudden death per unit increase in HbA 1c (HR, 1.21; 95% CI, 1.06 to 1.38).
Additional analyses using quartiles of HbA 1c (Յ5.8%, Ͼ5.8 to Յ6.6%, Ͼ6.6 to Յ7.4%, Ͼ7.4%) showed similar results. Patients in the third and fourth HbA 1c quartiles had significantly increased risks of sudden cardiac death com- 
Baseline HbA 1c and Risk of MI, Stroke, and the Primary End Point of Combined CVE and Death Resulting From Heart Failure
Investigating further cardiac and vascular outcomes, we found no association of HbA 1c with the risk of MI. In both continuous (adjusted HR, 0.94; 95% CI, 0.83 to 1.07) and categorical analyses, the risk of MI did not increase (Tables 3  through 5 ). When nonfatal MI and fatal MI were analyzed separately, the results were similar, showing no relation to HbA 1c .
Higher levels of HbA 1c by trend affected the risk of stroke but not significantly. Similarly, higher effect estimates for death resulting from heart failure were observed with higher levels of HbA 1c ; however, the CIs were wide (Tables 3  through 5 ).
The primary end point of combined CVE was markedly increased with higher levels of HbA 1c (Table 3) . Patients with an HbA 1c Ͼ8% had an adjusted 37% higher risk of experiencing a CVE compared with patients with an HbA 1c Յ6%. This relation was explained mainly by the impact of HbA 1c on sudden cardiac death because no association was found for CVE except sudden death.
To strengthen our results, we eliminated any potential influence by atorvastatin treatment and repeated all analyses in the placebo group only. The results were similar, indicating no interaction and supporting the use of the complete data.
Baseline HbA 1c and Risk of All-Cause Mortality
In univariate analyses, all-cause mortality increased by 8% per unit increase in HbA 1c (HR, 1.08; 95% CI, 1.02 to 1.15; Table 3 ). Multivariable adjustment resulted in an HR of 1.09 (95% CI, 1.02 to 1.17). The results of categorical analyses are shown in Tables 4 and 5 and the Figure, B . Patients with an HbA 1c Ͼ6% were 34% more likely to die, as were those with Study population nϭ1255. *Adjustments were made for age, sex, atorvastatin treatment, systolic blood pressure, duration of diabetes, time on dialysis, smoking status, body mass index, levels of low-density lipoprotein cholesterol, triglycerides, albumin, hemoglobin, calcium, phosphate, C-reactive protein, the presence of coronary artery disease (as defined by history of MI, coronary artery bypass grafting surgery, percutaneous coronary intervention, or coronary heart disease documented by coronary angiography), and the presence of congestive heart failure.
an HbA 1c Ͼ8%, compared with patients with normal HbA 1c levels Յ6%.
Additional analyses revealed that the association of HbA 1c with all-cause mortality was explained mainly by its effect on sudden cardiac death. No association was seen for mortality except for sudden death (Tables 3 through 5 ).
Discussion
We analyzed data from 1255 hemodialysis patients with T2DM who took part in the 4D Study and experienced a high incidence of prespecified and centrally adjudicated end points. In the present analysis, baseline HbA 1c was a strong risk factor for sudden cardiac death during 4 years of follow-up. In patients with an HbA 1c Ͼ8%, the risk of dying suddenly was more than 2-fold increased compared to those with an HbA 1c Ͻ6%. There was a trend for higher risks of stroke and deaths resulting from heart failure, whereas MI was not affected. Both combined CVE and mortality were increased at higher levels of HbA 1c , a finding that was explained mainly by the impact of HbA 1c on sudden death.
When enrolling in the 4D Study, patients had an average history of known diabetes mellitus for 18 years and had been on maintenance hemodialysis for an average of 8 months. They had a significant burden of microangiopathic complications (diabetic retinopathy, 71%; polyneuropathy, 60%) and macroangiopathic complications (about one third of these patients had coronary artery disease at baseline). Sudden death accounted with 26%, the highest proportion of deaths in the 4D Study; only 11% of deaths were attributed to MI and adjudicated coronary heart disease. 3 Similar information was reported from the US Renal Data System, which showed that 27% of deaths in dialysis patients had been classified as cardiac arrest or cardiac arrhythmia, and only 8% were classified as deaths resulting from acute MI and atherosclerotic heart disease. 2 A number of different causes may account for sudden death in dialysis patients, including microvascular and macrovascular disease, sympathetic overactivity, structural heart disease, cardiac fibrosis, and electrolyte and volume shifts resulting from the hemodialysis procedure. 9, 13, 14 Our present study adds glycemic control to the list, which raises the question of potential mechanisms.
Hyperglycemia has been shown to play a significant role in the development of microangiopathy, endothelial dysfunction, 15 and impaired myocardial vasodilator function, 16 which contribute to cardiac microvessel disease and structural heart disease. 17 It has been reported that hyperglycemia induced excess generation of highly reactive free radicals, causing oxidative stress, and inflammatory cytokines. 17, 18 In this context, it is important to note that HbA 1c is presumably an indicator of a higher load of the Amadori-derived advanced glycation end products, which are known to exert and amplify oxidative stress and can be a consequence of oxidative stress. These Amadori-derived advanced glycation end product toxins are profibrotic and directly involved in the pathogenesis of the inflammatory response syndrome and vascular complications.
Myocardial fibrosis has mechanical and electrical sequelae that affect cardiovascular prognosis. 19 It reduces the ventric-ular compliance and promotes arrhythmia by causing local delay in the spread of the action potential. 20, 21 In an animal model of mild diabetes mellitus, researchers observed an enhanced susceptibility to ventricular arrhythmias, with increased electrophysiological sensitivity to catecholamines and nonhomogeneous collagen accumulation affecting local conduction. 22 Studies in diabetic patients found regional cardiac denervation and sympathetic overactivity, potentially resulting in life-threatening myocardial electrical instability. 23, 24 In line with these findings, HbA 1c was reported to be a predictor of spontaneous ventricular arrhythmias in diabetic patients with an implantable cardioverter-defibrillator. 25 We further found HbA 1c to be a risk factor for all-cause mortality, which is in line with previous studies in diabetic patients from the general population. 26, 27 For chronic kidney disease patients, the literature is not unequivocal. Although several studies reported lower survival rates for diabetic patients with poor glycemic control, 28 -30 another study in 24 875 maintenance hemodialysis patients from the Fresenius dialysis clinics in the United States did not indicate any association between HbA 1c and 1-year survival. 31 Although the lack of a survival association in this study could have been due to the short-term follow-up and further methodological differences, this study has led to some confusion about the role of glycemic control in dialysis patients. 32 Data from 23 618 patients in the DaVita outpatient clinics over 3 years showed in unadjusted survival analyses paradoxically lower death HRs with higher HbA 1c values. However, after adjustment for a large number of potential confounders, higher HbA 1c values were incrementally associated with higher death risks, and lower HbA 1c levels not related to malnutrition or anemia appeared to be associated with improved survival. 33 Surprisingly, in patients without renal failure, treatment that improved glycemic control did not achieve the predicted benefit in recent trials with regard to macrovascular complications. In fact, the question arose whether tight glycemic control might even increase the risk of death, bringing the role of glycemic control as a risk factor into question. 34, 35 In this context, distinguishing between microvascular and macrovascular complications is of special interest. Importantly, the risk of MI as a major macrovascular complication was not affected by glycemic control in our study. There was also no convincing effect on stroke, which is thought to result from both macrovascular and microvascular components in diabetic patients. 36 These observations are in line with results from the Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified Release Controlled Evaluation (ADVANCE) study, which showed that the beneficial effect of intensive glycemic control was achieved mainly by the reduction of microvascular complications, whereas macrovascular events alone could not be reduced significantly. 35 However, macrovascular events, predominantly MI, account for the majority of deaths in diabetic patients in the general population, 37 possibly explaining in part why the intervention trials did not show a reduction in all-cause death. In contrast, patients with renal disease experience a strikingly different risk pattern, with a high proportion of sudden cardiac deaths and atherosclerotic deaths playing only a minor role. 2, 3 Although the effect of tight glycemic control on macrovas-cular complications is still under debate, its effect on microvascular complications has repeatedly been shown. 27, 34, 35, 38, 39 Further studies will clarify whether better glucose control may decrease the risk of sudden cardiac death in dialysis patients.
This study had certain limitations. It was a posthoc analysis within a selected cohort of German patients with T2DM on hemodialysis. Therefore, the relationship between HbA 1c and risk may not be generalizable to other patient populations. HbA 1c measurement in patients on hemodialysis treatment might have been compromised by reduced red blood cell lifespan 40 and the widespread use of erythropoietin, increasing the proportion of reticulocytes and younger red blood cells with less time for glycosylation to occur. 41 This may have led to an underestimation of HbA 1c levels, but because of its general nature, it is unlikely to have influenced our results, which were based on comparisons within the same study population. The analysis of specific outcomes, especially sudden cardiac death, and their association with HbA 1c was the main strength of this study. In this context, the long-term follow-up, adequate sample size, and high incidence of prespecified and centrally adjudicated end points are additional strengths.
Conclusions
Glycemic control as represented by the level of HbA 1c was strongly associated with sudden cardiac death in hemodialyzed type 2 diabetic patients. Although MI was not affected, the risks of the combined primary end point and mortality increased significantly at higher levels of HbA 1c and were explained mainly by the impact of glycemic control on sudden cardiac death. Whether tight glucose control decreases the risk of sudden death without causing side effects should be examined in future trials.
